Living organisms have evolved protein phosphorylation, a rapid and versatile mechanism that drives signaling and regulates protein function. We report the phosphoproteomes of 18 fungal species and a phylogenetic-based approach to study phosphosite evolution. We observe rapid divergence, with only a small fraction of phosphosites conserved over hundreds of millions of years.
Relative to recently acquired phosphosites, ancient sites are enriched at protein interfaces and are more likely to be functionally important, as we show for sites on H2A1 and eIF4E.We also observe a change in phosphorylation motif frequencies and kinase activities that coincides with the wholegenome duplication event. Our results provide an evolutionary history for phosphosites and suggest that rapid evolution of phosphorylation can contribute strongly to phenotypic diversity.
D
ivergence in transcriptional regulation and gene expression is often considered the main driver of phenotypic variation across species (1) . Comparative gene expression and chromatin immunoprecipitation sequencing studies show that transcriptional regulation has diverged very quickly (2) . Similar analysis of protein posttranslational regulation has lagged due to methodological limitations. Now, mass spectrometry (MS) allows comprehensive SCIENCE sciencemag.org identification of posttranslational modification (PTM) events. Studies of phosphosite evolution indicate that phosphorylation constrains protein evolution but that phosphosites can diverge quickly (3) (4) (5) (6) (7) . However, we lack a phylogenetic understanding of phosphosite evolution. Thus, we examined the regulation of protein function by phosphorylation across 18 different fungal species that diverged from each other tens to hundreds of millions of years ago (Fig. 1A) . Using MS, we identified a total of 73,340 highconfidence [<1% false discovery rate (FDR)] and well-localized phosphosites in these species (ranging from 3062 to 5286 phosphosites per species) (tables S1 and S2) (8) . We found that most positions were phosphorylated only in a few species ( fig. S1A ), partly due to incomplete experimental coverage. As expected, the conservation of the phosphorylation state decreases with the evolutionary distance ( fig. S1B ).
We estimated the most likely origin for each phosphosite, taking into account the MS-derived phosphosites, sequence-based prediction of phosphorylation potential, and the phylogenetic tree (Fig. 1B) (8) . We identified 44,877 origins of phosphorylation in 41,832 aligned positions (Fig. 1C  and table S3 ). Only 890 sites (2.0%) are likely to have been present in the last common ancestor of all 18 species [≥731 million years (My), Y0], and 2194 sites (4.9%) are estimated to be ≥434 My old (Y0+Y1). These ancient sites tend to be conserved in higher eukaryotes, with 39.8% of the Y0 sites and 34.3% of the Y0+Y1 sites also phosphorylated in human or mouse. Phosphosites tend to be more conserved than expected by random sampling of phosphoacceptor residues ( fig. S2 ).
For the 3884 phosphosites identified in Saccharomyces cerevisiae (Fig. 1D, left) , 69% have an estimated age of ≤18 My, and 90% of sites are ≤182 My old. Age assignment could be biased due to site localization errors or neutral variation whereby the phosphorylation might occur in a neighboring, but not perfectly aligned, residue in an orthologous sequence. To take these into account, we obtained age estimates using a window of ±3 positions around each phosphosite (8) . As expected, this analysis shifted the estimates to older ages ( Fig. 1D, right; fig. S3 ; and table S3). Using both approaches as bounds, we estimated that 39 to 69% of the S. cerevisiae sites are likely to be ≤18 My old, whereas 76 to 90% of sites are likely to be ≤182 My old. This suggests that the majority of observed phosphosites in extant species are evolutionarily novel and change at rates comparable to those observed for transcription factor binding sites (9) . Similar results were obtained when restricting the analysis to aligned regions of higher confidence, when mimicking a decrease in coverage, and when restricting the analysis to ancient proteins (figs. S3 and S4) (8) . The latter suggests that phosphosites tend to be acquired via mutations in preexisting proteins. We also observed that coverage is not strongly biased by the environmental conditions ( fig. S5) .
By studying the phylogenetic history of ancient sites with known function in S. cerevisiae, we find cases such as T210 in the activation loop of Snf1p kinase, a phosphosite that is critical for viability and is strictly conserved (Fig. 1E) . Alternatively, we find cases such as S22 of pyruvate kinase, which, in S. cerevisiae, regulates the catalytic activity of this enzyme (10) but which has been lost more than once during evolution (Fig. 1F) . Plausibly, losses like these are compensated for by other mutations and may allow us to study neutral evolution at the level of phosphoregulatory networks. Alternatively, these phosphosites may be important only in specific conditions, resulting in these species occupying environmental niches where the losses are evolutionarily neutral. Out of 61 ancient sites with known function in S. cerevisiae, 17 (27.9%) are not phosphoacceptors in at least one species ( fig. S6 ). Out of these cases, four were mutated to negatively charged residues that may mimic phosphorylation and result in constitutive regulation. Evolutionary transitions between phosphosites and acidic residues have been reported (11) but were not commonly observed in our analysis (8) .
G S D L R R T S I I GT I GP
Phosphosites with known functions show above-average conservation (6, 12) . We therefore hypothesized that phosphosite age may correlate with functional importance. To test this hypothesis, we analyzed the age of S. cerevisiae sites at 2208 protein-protein interfaces, under the assumption that these could regulate protein interactions. We noted that there is a small but significant depletion of young phosphosites at interfaces relative to other exposed residues, supporting the view that sites with a putative function tend to be older ( Fig. 2A ; test of proportion, P = 9.5 × 10
−4
). This difference is not observed when normalizing for sequence conservation. Older interface phosphosites have, on average, a stronger predicted destabilizing effect compared with younger sites ( Fig. 2A ; Mann-Whitney, P = 0.036). This suggests that older interface sites are more likely to be at positions that contribute to the stability of the interface. We further characterized ancient site S28 in S. cerevisiae CDC33 (eIF4E), predicted to be at the interface with TIF4631 (eIF4G1) (fig. S7). We purified the CDC33 wild type (WT) and phosphodeficient [S28→A28 (S28A)] and phosphomimetic (S28E) mutants from yeast extracts and quantitatively compared interacting proteins (table S4A) (8) . Several observations reveal the functional relevance of this phosphosite. First, both eIF4G paralogs TIF4631 and TIF4632 showed a strong increase (four-and twofold, respectively) in binding to CDC33 S28E and the WT versus CDC33 S28A. Second, S28A and S28E mutations moderately compromise eIF4E binding to EAP1, a well-known eIF4E-interacting protein that competes with eIF4G. Third, several proteins involved in stress granule and P-body formation (ASC1, STM1, and TIF34) showed substantially higher affinity for the S28E mutant than the S28A mutant (Fig. 2B) . Fourth, the S28E mutant showed increased phosphorylation of neighboring sites at T15 and T22 on CDC33 ( fig. S7 and table S4B ). These data suggest that CDC33 S28 phosphorylation modulates eIF4E-eIF4G interaction and is a hotspot for translation initiation regulation.
We compared the age of S. cerevisiae phosphosites with functional annotations with those at polymorphic positions. We observed that functionally important phosphosites tended to be older relative to the polymorphic phosphosites (Fig. 2C) . Age is predictive of functional phosphosites, even when accounting for sequence conservation ( fig.  S8) , and can therefore be used to guide functional studies. As examples, we studied four ancient phosphosites: H2A1 S121 (S122 counting starting methionine), ZUO1 S50, INP53 S975 (Fig. 2D) , and CDC10 T216. Compared with the WT controls, INP53 S975A showed an increased resistance to hydroxyurea (HU); ZUO1 S50A showed increased sensitivity to heat; and CDC10 T216 showed no phenotype under osmotic, heat, or HU stress (8) . The alanine mutant of H2A1 (S121A), implicated in chromosome stability in S. pombe (13), rendered cells thermosensitive and osmosensitive compared with the WT on both solid and liquid media (Fig. 2C and fig. S9 ). In nonstressed conditions, the WT and S121A have a very similar expression pattern, with only 32 genes significantly altered in the mutant (FDR < 0.05 and at least twofold difference) ( fig. S9B ). Under stress conditions, a larger fraction showed altered gene expression (more than 600 and 800 genes in osmostress and heat stress, respectively). The expression of representative stress-responsive genes was validated by Northern blot ( fig. S9C ) and a single cell reporter system ( fig. S9D ). When stratifying stress-responsive genes by their WT response, genes that were stress-induced in the WT showed a decrease in up-regulation in the mutant, whereas genes that were repressed in the WT showed the opposite behavior (Fig. 2E) . These results indicate that S121 on H2A1 is important for maintaining transcriptional control of stress-responsive genes.
The phylogenetic history of phosphosites was used to identify functions and complexes that are enriched in phosphosites of specific age groups (Fig. 3A) . To guarantee that the enrichment is due to the age of sites and not the proteins, we normalized the enrichment for the age and average conservation level of the proteins in the corresponding group of genes (8) . Several central processes, such as translation and protein folding, as well as some metabolic pathways and some central complexes are enriched in ancient sites (Y0, Fig. 3A ). This indicates that the phosphoregulation of these processes and complexes is constrained. Conversely, some processes and complexes are enriched in recently arisen sites that could be associated with recent adaptations (Y3 and S1-S4 in Fig. 3A) . Different spliceosome components show enrichment for sites of different ages. This potential change in the regulation is consistent with divergence in splicing across these species (14) . We next investigated whether the rapid divergence in phosphorylation is also accompanied by changes in the overall usage of phosphorylation motifs and the repertoire of protein kinases (Fig.  3B) . We matched each phosphosite to common kinase motif preferences and calculated the relative motif usage across species (8) . We observed a trend of lower relative usage of proline-directed motifs and higher relative usage of acidic motifs for species belonging to the post-WGD clade (15) and, in particular, for species in the Saccharomyces sensu stricto genus (Fig. 3B, columns one to four) .
The differential usage of phosphorylation motifs is not due to a differential presence of the equivalent sequence motifs (figs. S10 and S11), so we speculated it could coincide with changes in the repertoire of protein kinases, their specificities, and/or their activities. We examined the fraction of kinases in each species assigned to different major groups of protein kinases (Fig. 3B , columns 5 to 13, and table S5). We observed a small increase in the fraction of CMGC and STE families in the Saccharomyces species and AGC and CAMK kinases in Saccharomyces species, Candida glabrata, and Vanderwaltozyma polyspora. However, kinase family membership is a poor predictor of kinase specificity. Thus, we focused on proline-directed (SP) kinases that can be accurately predicted from sequence (16) . Such kinases tend to be depleted in the post-WGD clade (Fig. 3B, column 14) , with the relative presence of SP phosphosites showing a significant correlation with the fraction of SP kinases across species ( Fig. 3C ; Pearson's correlation coefficient r 2 = 0.34, P = 0.011). To measure changes in basal kinase activities, we conducted KAYAK (kinase activity assay for kinome profiling) analysis (17) . Cell lysates were reacted with peptide libraries matching prolinedirected, acidic, and basic motifs. The extent of phosphorylation was used as a proxy for kinase activity toward these sequences (Fig. 3D) . We selected nine species spanning our tree and performed two biological replicates (r 2 = 0.98; fig. S12A ) (8) . The measured kinase activities show a weak but significant correlation with the relative usage of phosphorylation motifs (Pearson's r 2 = 0.09, P = 0.024; fig. S12B ). Relative to the others, Saccharomyces species show a significant difference in kinase activities across the three motif types (analysis of variance, P = 8.0 × 10 −4 ). They tend to have lower activity toward proline and basic motifs and higher activity toward acidic motifs (Fig. 3D) . Together, these results suggest that changes in the repertoire of kinases have altered the overall basal kinase activities, resulting in a differential usage of phosphorylation motifs across species. On the whole, our results show that evolution of phosphoregulation is highly dynamic, and we suggest that changes in PTM regulation are on par with changes in transcriptional regulation in their capacity to quickly generate a diversity of solutions during evolution. 
